Reactive oxygen species (ROS) play an important role in normal cellular physiology. They regulate different biologic processes such as cell defense, hormone synthesis and signaling, activation of G protein-coupled receptors, and ion channels and kinases/phosphatases. ROS are also important regulators of transcription factors and gene expression. On the other hand, in pathologic conditions, a surplus of ROS in tissue results in oxidative stress with various injurious consequences such as inflammation and fibrosis. NADPH oxidases are one of the many sources of ROS in biologic systems, and there are seven isoforms (Nox1-5, Duox1, Duox2). Nox4 is the predominant form in the kidney, although Nox2 is also expressed. Nox4 has been implicated in the basal production of ROS in the kidney and in pathologic conditions such as diabetic nephropathy and CKD; upregulation of Nox4 may be important in renal oxidative stress and kidney injury. Although there is growing evidence indicating the involvement of NADPH oxidase in renal pathology, there is a paucity of information on the role of NADPH oxidase in the regulation of normal renal function. Here we provide an update on the role of NADPH oxidases and ROS in renal physiology and pathology.
Reactive oxygen species (ROS) produced by NADPH oxidases are implicated in many physiologic and pathophysiologic processes. NADPH oxidase catalyzes the transfer of electrons from NADPH to molecular oxygen, through the Nox catalytic subunit, to produce ROS. This mechanism distinguishes NADPH oxidases from other oxidases in which ROS production occurs either as a by-product of another oxidative reaction such as the mitochondrial electron transport chain or from a dysfunctional variant of the parent enzyme such as xanthine dehydrogenase → xanthine oxidase. 1 The classic NADPH oxidase is gp91phox, also called Nox2, which is found primarily in phagocytic cells. Seven NADPH oxidase isoforms have been identified (Nox1-5, Duox1, Duox2). The isoforms differ in their use of the catalytic Nox subunit as well as in their Nox-binding proteins, tissue distribution, intracellular localization, ROS formation pattern, and regulation. 2, 3 The family of NADPH oxidases consists of Nox1, Nox2 (gp91phox), Nox3, Nox4, Nox5, Duox1, and Duox2. 4 The catalytic subunits of Nox1, Nox2, Nox3, and Nox4 isoforms depend on p22 phox, a common subunit required for the activity of the enzyme. On the other hand, Nox5, Duox1, and Duox2 are p22 phox-independent isoforms; they possess an additional peroxidase domain and are calcium dependent. 5 NADPH oxidase-derived ROS play an important role in cell signaling as second messengers, 6 mediating hormonal effects, 7, 8 regulation of ion channel activity, oxygen sensing, 9 adipocyte differentiation, 10 gene expression, 6, 11 reproduction, 12 cell growth, senescence, and apoptosis ( Figure 1) . 13, 14 
NADPH OXIDASES AND THE KIDNEY
In the kidney, NADPH oxidases are expressed in a regional and cell-specific manner. The localization of different renal Nox isoforms and their subunits as well as their distribution in nephron segments were previously extensively reviewed 15, 16 and are not further discussed here. Of the Nox isoforms, Nox4 is abundantly expressed in the kidney and is an important source of renal ROS. Other NADPH oxidases, such as Nox1 and Nox2, have also been identified in the kidney, but their functional significance remains unclear. Nox-derived ROS are implicated in physiologic processes of the kidney, including gluconeogenesis, glucose transport, tubuloglomerular feedback, hemodynamics, and electrolyte transport. This review discusses each of these topics, relative to NADPH oxidases in the kidney.
NADPH Oxidases, Renal Gluconeogenesis, and Glucose Transport ROS generated by NADPH oxidases regulate renal glucose production and glucose handling. The kidney contributes to glucose homeostasis by producing glucose from glutamine (gluconeogenesis) in proximal tubular cells, and by reabsorbing filtered glucose into the blood. The amount of glucose released to the circulation through renal gluconeogenesis is almost equal to that produced by the liver (20%-25% versus 25%-30%). 17, 18 This amount is increased in patients with type II diabetes due to the lack of the inhibitory effect of insulin on gluconeogenic hormones. 19 Winiarska et al. 20 showed that pretreatment with apocynin (an NADPH oxidase inhibitor and ROS scavenger) attenuated proximal tubular cell gluconeogenesis in diabetic rabbits, suggesting that NADPH oxidases and ROS could be targeted to maintain glucose balance in the diabetic kidney.
NADPH oxidase also regulates glucose transport across the kidney tubules, including Na + /K + -ATPase-dependent transport of glucose (sodium/glucose cotransporters [SGLTs] ) across the brush border of the proximal tubules. 21 Although Gerich 19 reported increased SGLT2 activity in patients with diabetes, Han et al. 21 observed reduced activity of SGLTs in response to high glucose in rabbit proximal tubular cells that was blocked by pretreatment with apocynin, indicating a NADPH oxidase/redox-sensitive mechanism. This discrepancy may be due to an adaptive response of SGLTs in vivo to prolonged hyperglycemia. Taken together, these data indicate that NADPH oxidase is involved in the regulation of blood glucose levels, especially during diabetes.
NADPH Oxidases, Tubuloglomerular Feedback Mechanisms, and Renal Hemodynamics Tubuloglomerular feedback is an important mechanism by which the kidney regulates its hemodynamics in response to changes in renal tubular salt load. Superoxide anion (z O 2 2 ) enhances tubuloglomerular feedback responses both directly by constricting the afferent arteriole and indirectly by scavenging nitric oxide in the macula densa. 22 Single-cell RT-PCR demonstrated that Nox2 and Nox4, but not Nox1, are expressed in the rat macula densa. Silencing Nox2 but not Nox4 in a mouse macula densa cell line (MMDD1) inhibited high salt induced superoxide production. Moreover, the addition of apocynin reduced superoxide production in response to high salt, suggesting a role for NADPH oxidase, but not xanthine oxidase or cyclooxygenase-2, as a source of ROS in macula densa cells. 23 Liu et al. 24, 25 observed that high salt induces sodium/ hydrogen exchangers (NHEs) in the macula densa, resulting in increased intracellular pH and depolarization of macula densa cells and, consequently, in activation of Nox-induced superoxide production. This effect was blocked by Tempol, a SOD inhibitor, and by apocynin, suggesting that NADPH oxidases and ROS are involved in the regulation of macula densa pH in response to high salt. These data highlight the potential importance of NADPH oxidases in the regulation of tubuloglomerular feedback and macula densa responses to high salt. In addition to influencing tubuloglomerular feedback, NADPH oxidases also affect afferent arteriolar autoregulatory responses. For instance, Nox-derived ROS impaired juxtamedullary afferent arteriolar autoregulation in response to TGF-b stimulation. Apocynin restored the afferent arteriolar autoregulatory response. 26 Both Nox2 and Nox4, but not Nox1, are expressed in renal resistance arteries; in addition, approximately 60% of superoxide formed is due to NADPH oxidase activation, which impairs endothelium-dependent vasodilation in elderly individuals. 27 Similarly, Carlström et al. 28 reported the role of Nox2-derived ROS in the regulation of afferent arteriolar tone and impaired endothelial dependent vasodilation. These observations emphasize the role played by NADPH oxidase-derived ROS in the regulation of renal hemodynamics and, consequently, in systemic BP.
NADPH Oxidases and Electrolyte
Transport NADPH oxidase regulates ion transport in different segments along the nephron, including the proximal tubule, thick ascending limb (TAL), and collecting duct. In the proximal tubule, Panico et al. 29 showed that ROS blocked NHE activity; pretreatment with apocynin abrogated the effect of ROS on NHE in nephrons from spontaneously hypertensive rats (SHRs). These data suggest that increased NADPH oxidase activity in SHRs may be an adaptive mechanism to reduce salt and water reabsorption in an already hypertensive animal. These findings also suggest that NADPH oxidases regulate fluid uptake in the proximal convoluted tubules through inhibition of NHEs.
Another important regulator of renal fluid reabsorption is renal proximal tubular Na + /K + -ATPase. Expressed on the basolateral membranes, these channels are the driving force for Na + and fluid reabsorption along the nephron. Silva and Soares-da-Silva 30 32 showed that ROS is increased by loop fluid NaCl, and this effect was inhibited by Na + /K + /2Cl 2 cotransporter inhibitors and by apocynin. These data allude to a possible interaction between Na + /K + /2Cl 2 channels and NADPH oxidases in the regulation of electrolyte transport at the TAL of the loop of Henle. Superoxide production was also stimulated by an increased urine flow rate in the TAL, and was similarly inhibited by apocynin or p47phox (NADPH oxidase subunit) deficiency in mice. Stimulation of protein kinase C (PKC) mimicked the effect of an increased flow rate on superoxide production and was inhibited by apocynin. These findings suggest that an increased flow rate in the TAL stimulates PKC, which in turn induces activation of p47phox-dependent NADPH oxidase, resulting in increased superoxide production and sodium reabsorption in the thick limb. 33 The role of NADPH oxidase in electrolyte transport in collecting ducts was also investigated. Application of losartan (an AngII type 1 receptor blocker), diphenyleneiodonium chloride (a nonspecific inhibitor of NADPH oxidase), or a PKC inhibitor in rat cortical collecting ducts led to inhibition of the AngIIstimulated epithelial sodium channel (ENaC). In contrast, PKC activators and superoxide donors (xanthine and xanthine oxidase) increased ENaC activity, suggesting that the effect of AngII on the ENaC is mediated in part by ROS produced by PKC-dependent NADPH oxidase. 34 Mamenko et al. 35 also showed that the effect of AngII on ENaC channel activation was mediated by activation of NADPH oxidase in the mouse split-open distal nephron. Both studies confirmed a regulatory role of NADPH oxidasederived ROS on ENaC activities and highlight the putative role of NADPH oxidase activation in mediating hypertension in response to increased intrarenal renin-angiotensin system activation.
NADPH oxidase also regulates potassium transport in the collecting duct. For instance, low potassium intake increased superoxide production in the renal cortex, which was associated with a reduction in renal outer medullary potassium channel (ROMK) activity and consequently decreased K + excretion in the rat cortical collecting duct. The administration of Tempol to rats on a low K + diet resulted in reduced cortical superoxide levels and increased ROMK activity. 36 In addition, low potassium intake resulted in decreased superoxide production, increased ROMK staining in renal cortex, and increased urinary potassium levels in gp91phox null mice. The effect of gp91phox deletion was mimicked by the administration of Tempol to wild-type mice on a low potassium diet. 37 These results are supported by the findings of Wei et al., 38 who observed that NAPDH oxidase mediated the effect of AngII on the reduction of ROMK channel activity in rats treated with a low potassium diet. Potassium restriction also inhibited protein phosphatase 2B (PP2B) in rat and mouse kidney; suppression of PP2B decreased ROMK channel activity in the cortical collecting duct. Deletion of gp91phox prevented low K + intake-mediated reduction of PP2B. 39 Although it seems that increased ROS production in response to a low potassium diet may be an adaptive mechanism to decrease potassium loss, none of the aforementioned studies investigated the effect of potassium restriction on BP, which is a critical component of these experiments. However, together these findings highlight the important role of NADPH oxidase in potassium homeostasis.
A summary of the putative role of NADPH oxidase in different segments of the nephron is illustrated in Figure 2 .
NADPH OXIDASES AND KIDNEY DISEASE-FOCUS ON NOX2 AND NOX4
Of the seven Nox isoforms, Nox4 has been best characterized in renal pathology; however, there is some evidence suggesting that Nox2 may also play a role.
The renal expression of Nox2 is altered in various mouse models of diabetes. Leptin receptor-deficient db/db mice (type II diabetes) have reduced Nox2 gene expression in the kidney cortex compared with their heterozygous littermates. 11 However, Fukuda et al. 40 demonstrated upregulation of Nox2 in the kidney cortex of C57BL/KsJ diabetic mice compared with heterozygous nondiabetic mice. They showed an additive effect of candesartan and pioglitazone, a peroxisome proliferator-activated receptor g agonist, on Nox2 inhibition in the heart, aorta, and kidney. Downregulation of Nox2 was accompanied by increased SOD expression, decreased oxidative stress, improved glucose tolerance, and reduced renal and cardiac fibrosis. These data suggest a possible new strategy in combining peroxisome proliferator-activated receptor g agonists with AngII receptor blockers for the treatment of diabetic complications 40 through ROS inhibition. In further support of a role for Nox2 and AngII in diabetic nephropathy, type I diabetic Akita (Ins2WT/C96Y) mice showed higher Nox2 gene expression in the kidney cortex. 41 The elevated level of renal Nox2 was downregulated in mice pretreated with human recombinant angiotensin converting enzyme 2. This response was also associated with reduced renal oxidative stress, urinary albumin, and renal fibrosis, as well as decreased systolic BP. In streptozotocin-treated mice, the Nox2 gene is upregulated in the kidneys. [42] [43] [44] Taken together, these data indicate that Nox2 may be involved in the development of renal oxidative stress during diabetes and, consequently, in the development of diabetic nephropathy.
Renal Nox4 has been implicated in the pathophysiology of diabetic nephropathy. Findings from our laboratory and others showed increased Nox4 expression in mouse proximal tubular cells exposed to high glucose as well as increased fibronectin and TGF-b expression. 11 Nox4 siRNA or treatment with a Nox1/4 inhibitor (GKT136901) was able to block the high glucose effect on renal fibronectin deposition. 11 In diabetic mice treated with the Nox1/4 inhibitor, albuminuria was attenuated despite persistent hyperglycemia, suggesting that the Nox1/4 inhibitor improves renal function in experimental diabetes independently of glucose control. 45 Graham et al. 46 showed that ROS produced by Nox4 in response to high glucose decreased the expression of TRPC6 receptors in rat mesangial cells. TRPC6s are canonical transient receptor potentials Ca 2+ -permeable cation channels that play a pivotal role in regulating Ca 2+ signaling in a variety of cell types, including mesangial cells, suggesting that increased Nox4-mediated ROS plays a role in impaired mesangial cell contractility and results in impaired glomerular hemodynamics during diabetes. To further address the role of Nox4 in mediating the damaging effect of hyperglycemia during diabetes, Fujii et al. 47, 48 showed a reduction in the signs of diabetic nephropathy in mice treated with bilirubin, biliverdin (antioxidants), or pitavastatin (statin) through downregulation of the Nox4 protein and Nox4 gene in db/db mice.
The role of Nox4 upregulation in the induction of renal damage was also described in C57BL/6J mice treated with cisplatin. These mice exhibit upregulation of the renal Nox4 gene, renal fibrosis, and functional deterioration, associated with increased oxidative stress. The Nox4 gene expression induced by cisplatin was attenuated by both deletion of cannabinoid receptor type 1 (CB1) or by pretreatment with a CB1 antagonist, suggesting that cisplatin induces its nephrotoxic effect through the CB1 receptor linked to Nox4. 49 Such findings shed light on possible involvement of Nox4 in obesity-induced nephropathy because increased circulating endocannabinoids may play an important role in inducing CB1 receptors and Nox4 expression and, consequently, in increasing renal oxidative stress and damage.
Cuevas et al. 44 investigated the mechanism whereby stimulation of dopamine type 2 receptors ameliorates the development of hypertension in mice. Their results showed that the BP-lowering effect of dopamine type 2 receptors was mediated by downregulation of renal Nox4 expression and activity as well as reduced ROS production. These results support a role for Nox4 activation in the development of renal complications and hypertension.
Although advances have been made in the characterization of renal Nox isoforms and mechanisms of ROS generation, the exact roles of NADPH oxidase-derived ROS and specific Nox isoforms in the kidney still remain unclear. It is becoming increasingly apparent that Nox and ROS are involved in the regulation of renal hemodynamics and renal ion transport. ROS also mediate the effects of numerous pathologic stimuli, such as hyperglycemia and AngII, on renal structure and function. Through actions on sodium reabsorption and on renal hemodynamics, ROS could be a key regulator of BP in different pathologic conditions associated with increased NADPH oxidase activity in the kidney. Growing evidence indicates a role for Nox4 in renal fibrosis and development of diabetic nephropathy, at least in experimental models. Accordingly, there has been much interest in advancing strategies to selectively inhibit Nox4 as a potential target in the treatment of kidney disease in diabetes. Despite the developments in renal Nox biology, there is still a paucity of information on the exact physiologic and pathologic roles of NADPH oxidases in the kidney and the clinical significance of these systems in humans remains unclear. Improved research tools and new experimental mouse models should advance the field.
